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Introduction
Adsorption of organic matter by these Al-rich nanocrystalline minerals governs the mobility 109 of organic matter in the Andisols (Harsh, 2012) , and the chemical bonding between the active 110 aluminol groups on allophane spherules and organic matter is then considered to allow carbon to be DNA and allophane are examined using high-resolution laser sizing.
157
The findings with respect to DNA provide a detailed mechanism to help explain carbon 158 sequestration and its unique longevity in Andisols. 
Allophane synthesis
165
Pure allophane was synthesised according to Ohashi et al. (2002) with two minor 166 modifications as follows. The Si source, Na2SiO4, for synthetic allophane was replaced with 167 Na2SiO3, and the alkalinity of the Si solution was adjusted by adding NaOH, given that the 168 alkalinity of Si solution should be triple the Al molarity. The allophane precursor was made with a 169 mixture of Si and Al solutions (at the same concentration but with an atomic ratio of Si/Al of 0.75) 170 together with the addition of NaOH, and the precursor was incubated for 48 h. In the current study, 171 two synthetic allophane products with 50 mmol L -1 and 100 mmol L -1 of initial solutions were 172 prepared, and the products were labelled as 50-allophane and 100-allophane, respectively. After 173 hydrothermal incubation for 48 h, the synthetic products were washed with deionised (DI) water 174 until the pH became neutral. For the DNA adsorption experiments, the dispersed allophane in DI
175
water was adjusted accurately to pH 6.5 and stored without drying. and so the synthetic allophane was photographed as quickly as possible to avoid over-exposure of 185 the samples to X-rays.
186
As well as TEM-based morphological observation, the allophane content of the synthesised 187 product was determined. To accurately estimate its Si/Al ratio, the synthetic allophane was frozen 188 rapidly with liquid nitrogen followed by freeze-drying. the difference between the amounts of DNA with and without 10 mg of synthetic allophane. These 217 experiments were conducted in triplicate.
218
The adsorptive affinity and maximum adsorption capacity of DNA on synthetic allophane 219 were analysed using the Langmuir equation given below:
where q represents the adsorbed DNA, Amax is a constant representing the maximum adsorption 222 capacity (monolayer coverage), k is an adsorptive constant which is often considered an affinity 223 parameter or binding strength, and C is the equilibrium-dissolved concentration of DNA.
224
After removal of supernatant, the tubes with remaining allophane and salmon-sperm DNA 225 complexes were placed in a vacuum desiccator for two days for drying, and the dried allophane-
226
DNA complexes were stored at 4°C for further chemical analysis. DNA adsorption on HA-rich 227 allophane was performed following the same procedure as above. 
Phosphorus X-ray absorption near-edge structure (P XANES) spectroscopy
230
The salmon-sperm DNA-allophane complexes were examined and characterised via 231 synchrotron radiation-based P XANES. To obtain optimum signal-to-noise ratios of spectra, the air-232 dried allophane-DNA complexes were ground finely for uniformity and they were then compressed 233 into pellets to increase the intensity of X-ray absorbance. The pellets of dried salmon-sperm DNA 234 and allophane-DNA complexes were mounted on stainless steel sample holders and held in place 235 with Kapton tape which has no X-ray absorbance over the P X-ray absorption region. The P X-ray 236 absorption spectra were collected at beamline 16A1 Tender X-ray Absorption Spectroscopy at the 
Physical properties of synthetic allophane spherules
278
The electron micrographs showed the spherical morphology of the synthetic allophane ( The discrete synthetic allophane spherules (equivalent to "particles" in the terminology of (1996) showed that unit particles of 300 allophane formed domains ("primary floccules", which are referred to as nanoaggregates in the 301 current paper) about 100 nm in diameter "like strings of beads" (Fig. 2c) ; and micrometre-sized 302 clusters of allophane nanoaggregates (which are referred to here as microaggregates) in a dilute
303
"suspension", analogous to the characteristics of synthetic allophane shown in Fig. 1d . Earlier,
304
Allbrook (1985) suggested that surficial moisture films allow allophane spherules to remain discrete
305
(even when aggregated) rather than conjoining into large micelles that characterise crystalline
306
(platy) clays, thereby explaining the high porosity (and low bulk density) of allophanic soils. The estimated unit particle size of the synthetic allophane via BET was 16−23 nm ( The adsorption isotherms of salmon-sperm DNA on 50-and 100-allophane (Fig. 4) It was found that the presence of humic acid on the surface of synthetic 50-allophane 387 significantly hampered the adsorption of DNA (Fig. 5) , reducing the capacity from 26 to 3.5 µg 
P XANES spectra for allophane-or humic-acid-associated DNA
408
The P XANES spectrum for pure salmon-sperm DNA (bold spectrum in the absorbances of methylene bending, methyl bending, and aliphatic stretching were not distinct. allophane, the intensity of the infrared absorption band at 1080 cm -1 increased and shifted gradually 488 but the absorbance at 990 cm -1 remained the same (Fig. 8) effectively as a form of physical adsorption as noted earlier. The size of allophane-DNA clusters increased with the addition of DNA (Fig. 9) . Allophane 523 microaggregates could be up to 500 µm in diameter and the dominant size of such aggregates with 524 high DNA loading (>4.4 µg DNA per mg allophane) onto synthetic allophane was 100−300 µm.
525
Increasing the DNA adsorbed from 4.4 µg mg -1 to 8.5 µg mg -1 had no significant impact on the 526 overall size distribution of aggregates, but the result showed a reduction in the volume of nanoaggregates <100 µm in diameter and a predominance of microaggregates with a size range 528 100−300 µm in diameter.
529
The DNA adsorption isotherm on synthetic allophane (Fig. 3) reflected the fact that further 530 adsorption became weak when adsorbed DNA was more than 6 µg mg -1 allophane (0.6%), which experimental approach earlier, Churchman and Tate (1987) showed that the stability of 542 macroaggregates in allophanic soils on tephra is highly related to carbon content in such soils.
543
Aggregates at nano-and micron scales have also been found to be crucial in helping to govern room for the physical storage of carbon than in small aggregates. In Fig. 9 it is shown that allophane 547 nanoaggregates could be assembled by DNA molecules acting as strong binding agents, and such 548 aggregation has enabled much DNA to be adsorbed by the allophane microaggregates in the spaces
549
(nano-and submicropores) between aggregates rather than just on the limited aluminol groups on 550 allophane spherules  i.e., physical adsorption within and between allophane aggregates seems to account for much more DNA sequestration than chemical adsorption directly on the surfaces of 552 allophane spherules.
553
It is therefore proposed that environmental DNA in Andisols or allophane-rich soils could be 554 adsorbed by (1) allophane directly via chemisorption, (2) humic acid (or organic matter) covering 555 on allophane and then attached to allophane indirectly, and (3) pores within and between allophane 556 nanoaggregates (inter-spherule and inter-nanoaggregate spaces) via physical adsorption (Fig. 10) , of 557 which physical adsorption is considered to be the crucial mechanism allowing substantial 
564
The pores at nano-or submicrometre scale between allophane spherules or within aggregates seem 565 to be the main reservoir for DNA adsorption and probably a refuge for DNA because some of the 566 pores are so small (~2−100 nm) that they are not accessible to enzymes or microbes. 
Implications for carbon sequestration in Andisols
583
The findings relating to DNA may also pertain to soil organic matter and organic carbon in 
Conclusions
651
(1) The synthetic allophane spherules made in this study were uniformly 10−15 nm in 652 diameter and with a SSA up to 374 m 2 g -1 . Generally, 1 mg of synthetic allophane could adsorb up 653 to 34 µg of salmon-sperm DNA in total.
654
(2) P XANES and IR spectra for salmon-sperm DNA-allophane complexes affirmed that the 
